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Tunable Surface Phases in Alcohol-Diol Melts
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Surface crystallization is studied in mixed alcohol-diol melts by x-ray diffraction and surfa
tensiometry. A reversible transition, having no bulk counterpart, from a bilayer to a monolayer sur
phase, tunable by either diol concentrationf or temperatureT , is observed. The molecular tilt is found
to vary with f in the bilayer phase. The structure of both surface phases is determined in detail
simple theory, assuming a linearizedf dependence of the free energies of the various interfaces in ea
phase, accounts well for the observed (f, T ) phase diagram. [S0031-9007(98)08262-3]

PACS numbers: 68.10.–m, 61.25.Em, 64.70.Dv
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Chain molecule (normal-alkanes, alkenes, alcoho
etc.) melts were recently shown [1–4] to exhibit surfac
freezing, i.e., the coexistence of a crystalline surfac
layer with a liquid bulk, up to a few degrees above th
freezing pointTf . In contrast with traditional quasi-2D
systems like Langmuir films on water, the surface-froze
layer consists of the same molecules as the subph
and can, therefore, exchange molecules with it. It
not constrained externally to be quasi-2D, but does
spontaneouslyunder the balance of the intermolecula
interactions, thermal motion, and surface field. It is
therefore, intermediate between two and three dimensio
Phase transitions in such layers are of great interest
their own right, and also because they provide insig
into the dimensional dependence of phase transitio
in general. Nevertheless, only two structural trans
tions, both rotator-to-crystal, were reported to date
these layers: a chain-length (n) driven one atn ø 44
[3] in pure alkanes, and a concentration driven on
(over a very limited range) in a C36H74:C26H54 alkane
mixture [5].

Alcohols, CH3sCH2dn21OH (denoted CnOH), whose
surface-frozen layers exhibit a more complex structu
than alkanes, are particularly useful for studying structur
transitions [4,6]. Their surface layer is a hexagonal
packed bilayer, with the hydroxyl groups of both uppe
and lower layers pointing to the center. A previous stud
of hydrated alcohols [6,7] demonstrated the importan
of hydrogen bonding (HB) between the hydroxyl group
in stabilizing the surface-frozen bilayer’s structure. I
the present study the HB was tuned by mixing a sho
diol molecule, 1,3-propanediol: OH-sCH2d3-OH (denoted
PD), in the alcohol. We show that a reversible transitio
from a bilayer to a monolayer is induced in the surfac
layer by varying either the diol mass concentrationf or
temperatureT , for a range ofT and f. More subtle
effects, like a continuous change in the molecular tilt wit
f in the bilayer phase, are also observed, showing th
the interlayer interactions influence the intralayer structu
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significantly. Finally, the observedsf, T d surface phase
diagram is accounted for quantitatively within a simp
theory, based on the surface free energy balance in e
phase.

AlcoholyPD mixtures, made of.99% pure commercial
material, were studied for18 # n # 28 and f & 0.23.
An ,0.5 g sample was spread on a copper wafer
side a sealable, temperature controlled (#0.005 ±C) cell,
mounted on the liquid surface diffractometer at beam li
X22B, NSLS, Brookhaven National Laboratory. X-ra
reflectivity (XR), grazing incidence diffraction (GID), and
Bragg rods (BR) measurements were employed to stu
respectively, the surface-normal density profile (XR), t
surface-parallel crystalline packing (GID), and molecul
tilt (BR) vs T . Surface thermodynamics were probed b
surface tension (ST),gsT d, measurements, using the Wil
helmy plate method [2]. For further details see [3].

A 90% C22OH:10% PD ST curve is shown in Fig. 1.
The slopedgsT dydT  DS  2sSsurf 2 Sbulkd, where
DS is the surface-bulk entropy difference [2]. For
liquid surfaceSsurf . Sbulk and dgsT dydT , 0. Upon
cooling the surface freezes atTs1  69.7 ±C, making
Ssurf , Sbulk anddgsT dydT . 0. The observed change
DfdgsT dydT g ø 1 mNysm±Cd, is close to that of an
alkane of equal length, and thus indicates that a crystal
surfacemonolayer[3] is likely formed. Cooling further,
an abrupt slope doubling, todgsT dydT ø 2 mNysm±Cd,
is observed atTs2  66.7 ±C. This suggests a transition
to a crystalline surfacebilayer, with a slope identical with
that of a pure alcohol of equal length [6]. The measur
XR vs T at a fixed wave vector,qz  0.25 Å21 (solid
line in Fig. 1), shows two abrupt jumps, coinciding wit
the slope changes of the ST scan. They demonst
dramatically the existence and first-order nature of t
two surface phase transitions. Moreover, the constant
between the jumps shows that no other changes occu
the surface layer’s structure. AtTf (bulk freezing) the
surface roughens macroscopically [1] and the XR dro
abruptly to near zero.
© 1999 The American Physical Society
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FIG. 1. Surface tension (ST) (points), and x-ray reflectivit
(XR) at a fixed wave vectorqz  0.25 Å21 (line) scans for a
90% C22OH:10% PD. The slope changes (ST) and intensit
jumps (XR) denote the liquid/monolayer (Ts1  69.7 ±C) and
monolayer /bilayer (Ts2  66.7 ±C) surface phase transitions.
Tf  65.4 ±C is the bulk freezing temperature.

Figure 2 shows measured reflectivity curves for pur
C24OH (a) and 90% C24OH:10% PD for different surface
phases (b)–(d). The Kiessig fringes in curves (a)–(
indicate a thin surface layer of electron density differen
from the bulk. For (c) the longer modulation period
Dqz, indicates a thinner layer. A careful compariso
reveals also a slightly smallerDqz for (b) than for (a),
indicating a thicker layer. The monotonically decreasin

FIG. 2. X-ray reflectivity for the bilayer phases of pure
C24OH (a) and a 90% C24OH:10% PD mixture (b), the
monolayer phase of the mixture (c), and the liquid surface pha
of the mixture (d). The lines are fits to the models discussed
the text, and the inset shows the corresponding surface-norm
electron density profiles. The reflectivity curves are shifte
vertically for clarity by 2 (b), 5 (c), and 7 (d) decades and th
density curves in the inset by 0.28 (a), 0.18 (b), and 0.08 (
eyÅ3.
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curve (d), measured atT ¿ Ts1  69.7 ±C, is typical for
an unstructured liquid surface.

To derive detailed surface-normal density profilesrszd,
a 5-slab model [3,6] was fitted to curves (a) and (
by the widely used matrix method [8,9]. The mode
comprises the top monolayer’s (1) CH3 end group layer
and (2)sCH2dn21 alkyl chain layer, (3) the top and bottom
monolayers’ OH groups, and the bottom monolayer’s (
sCH2dn21 alkyl chain layer and (5) CH3 end group layer.
To minimize the number of fit parameters, slabs (1) a
(5) were constrained to be identical, and so were (
and (4). No other constraints were employed. As ea
slab has a density and a thickness, six parameters p
a single Gaussian roughness parameter common to
slabs were refined in the fit. For further information se
Refs. [4,6,7]. The fit to (a) (line), and the correspondin
rszd in the inset, are typical of a surface-frozen alcoh
bilayer [6], with a high-density OH layer at the cente
and a thicknessd  62.6 Å . As shown earlier [4,6], the
C24OH molecules in the bilayer are tilted from the surfac
normal towards their next-nearest neighbors (NNN) b
16±. This, along with the,32 Å length calculated for
the extended molecule yields a calculated layer thickne
of 61.5 Å, in good agreement with the XR-fitted value
A fit of the same model to the mixture (b) yields, again
a bilayer. It is, however,,2.2 Å thicker than for pure
C24OH, due to a molecular tilt decrease, as shown belo

For curve (c) of Fig. 2 a 2-slab model is employed, re
resenting the CH3sCH2dn21 and OH layers, respectively.
Thus, four parameters plus a common roughness para
ter were employed in the fit. The resultant density profil
(c), indeed confirms the surface layer to be a monolay
with d ø 32 Å. Its vapor side is identical with that of the
bilayer (b). Its liquid side, however, is markedly differen
The OH slab obtained here, as for all other chain lengt
[6], is thicker by,5 Å than a single OH slab in the bi-
layer model. When smeared with the interface’s Gauss
roughness it yields a tail, decreasing gradually from t
high density of the OH slab to that of the bulk liquid, as
seen clearly at32 & z & 42 Å in (c). A possible mecha-
nism for the formation of this tail is PD adsorption on th
ordered OH bottom surface of the monolayer, which is
weakly attractive substrate [10] for OH groups. As P
has 16-fold more OH groupsper carbonthan C24OH, PD
will adsorb preferentially onto the monolayer’s lower su
face. Assuming an equal adsorption probability for ea
bulk OH group, regardless of the molecule it is attached
a f ø 8% of PD suffices to cover 2y3 of the monolayer’s
bottom by PD molecules. The higher electron density
the PD molecules, as compared to alcohols, results in
higher-density tail extending below the monolayer.

GID [Figs. 3(a)–3(c)] yields a single peak a
qjj ø 1.49 Å21 for the pure material (a) and both
phases of the mixture (b),(c). Isolating the diffractio
from a single surface crystallite by a careful align
ment of a high-resolution collimator consisting of two
589
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FIG. 3. Grazing incidence diffraction (a)–(c) and Bragg rod
(d)–(f ) measured for the bilayer phase in pure C24OH (a),(d),
in a 90% C24OH:10% PD mixture (b),(e), and in the monolayer
phase of the mixture (c),(f ). The lines in (d)–(f ) are fits to th
measured data (points). The insets show the in-plane pack
and molecular tilts, with closed points representing molecul
in the upper layer and open ones—in the lower layer.

well-separated sets of slits on the detector arm of t
diffractometer reveals that this peak repeats upon a 6±

sample rotation. This and the fact that only a sing
GID peak is found indicate a hexagonal crystalline ord
within the layer, with a molecular areaA  20.3 Å.
The peaks of the mixture (b),(c) are narrower than tho
of the pure C24OH (a), indicating a larger crystalline
coherence length, of order 1000 Å, as compared to t
few hundred Å of pure C24OH. Alternatively, the pure
C24OH peak may be a composite of two unresolved pea
The corresponding Bragg rods, and their fits [3,6], a
shown in Figs. 3(d)–3(f). Those of the bilayer (d),(e
are typical of NNN-tilted molecules [4,6], as shown in th
inset. The different peak positions,qz  0.16 Å21 (d)
and qz  0.1 Å21 (e), indicate, however, considerably
different tilt angles. A full-curve fit (lines) yields,16±

for the pure sample and 9± for the mixture, which results
in an ,1.7 Å increase in the bilayer thickness. This i
equal (within fit errors) to the,2.2 Å thickness increase
observed by XR, indicating that hardly any true swelling
i.e., dilation due to PD intercalation into the bilayer
occurs here. This conclusion is further supported by t
XR fits, which yield equal densities and thicknesses f
the OH slab at the center of the bilayer for both pu
and mixed samples. Moreover, a study of the crystalli
bulk’s structure just belowTf [11] also indicates no
intercalation of PD molecules into the bilayer’s cente
This behavior is in contrast with hydrated alcohols, whe
an intercalation of water molecules into the bilayer wa
observed for both the surface-frozen bilayer [6], an
the bulk [12]. The repulsion between the bilayer’s hy
drophilic OH groups and the PD’s lipophilic hydrocarbo
chain probably inhibits the PD intercalation.
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Tilt transitions are generally considered to be dom
nated by in-layer interactions, and strongly depend
chain length [13]. The last is clearly incorrect here, sin
the pure and mixed samples, having different tilts, cons
of the same alcohol molecule. Also, no other structu
changes which could induce the tilt variation, like PD in
tercalation, lattice spacing variations, etc., are observ
Thus, the tilt variation here seems to be driven complete
by the bilayer-subphase interaction. The increase in
OH concentration with that of PD renders the subpha
more hydrophilic, increasing the repulsion between t
subphase and the tilted lipophilic chains in the surfa
bilayer. The only way for the bilayer to reduce this re
pulsion short of the total disruption of the surface layer
to decrease the tilt, which increases the distance betw
the subphase and each CH2 group of the layer’s chain.
The reverse effect, anattraction induced tilt change, was
found for molecules adsorbed onto a solid substrate [1
Here, however, the tilt angle can be changed continuous
by varyingf and the diol’s chain length, as we show els
where [11].

For Ts2 , T , Ts1 the BR, Fig. 3(f), differs markedly
from those of the bilayers (d),(e). The fit (line) yields
thickness of34 6 1 Å, in reasonable agreement with th
,32 Å of XR and the calculated length. The peakin
of the BR at qz , 0.04 Å21 indicates a molecular tilt
,4±. Considering the enhanced OH concentration
the subphase/monolayer interface, and the consequ
increase in the repulsion between the two, this near-z
tilt supports our conclusion above that the tilt variatio
originates in the repulsion between the subphase a
surface-layer chains.

The measured (f, DT ) surface phase diagram (circles
is shown in Fig. 4, whereDT  T 2 Tf . For f & 0.06
only the bilayer phase occurs below the liquid phas
For 0.06 & f & 0.23 the monolayer phase appears, inte
posed between the bilayer and liquid surface phases.
temperature existence range almost doubles withf from
DT sf ø 0.1d  2 ±C to DT sf ø 0.2d  3.6 ±C. The bi-
layer’s DT decreases slightly over the samef range.
Around f ø 0.23 macroscopic phase separation occu
preventing meaningful measurements at higherf. We
now show that this diagram can be accounted for qua
titatively assuming a linearf dependence for the surfac
energies associated with the various interfaces in the s
tem, marked on the cartoons in the figure. The total fr
energyF is first calculated for each phase using these s
face energies. Then, equating pairs of free energies yie
the transition temperatures vs composition, i.e., the ph
boundaries.

For the liquid surface:Fliq  gyl. Upon mixing with
the higher-ST diol,gyl is assumed to increase linearl
from the pure sample’s value,g

p
yl, as gylsfd  g

p
yl 1

Df, whereD is a constant. ForT , Ts1 a monolayer
exists at the surface, with OH headgroups pointing in
the liquid and hydrocarbon tails pointing into the vapo
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FIG. 4. The surface phase diagram of the C24OH:PD mixture
melt. Open circles denote measured values. The lines
fits to the theory discussed in the text. The cartoons (a)–
schematize the molecular packing of the surface layers a
show the various surface energies.

[see cartoon in Fig. 4(b)]. The corresponding two in
terfaces, CH3yvapor and OHyliquid, have surface ener-
gies gys and gls2OH, respectively. gys is assumed to
be f independent. gls2OH, however, is large for small
f, due to the strong repulsion between the OH hea
group and the predominantly hydrocarbonic liquid, butde-
creasesrapidly with increasingf, due to the OH concen-
tration increase in the bulk. Thus,gls2OHsfd  gys 1

AysB 1 fd. At any T ; Tf 1 DT the total surface
free energy, including the entropy gainDS upon surface
crystallization, is Fmono  gys 1 gls2OHsfd 1 DSDT .
For T , Ts2, a bilayer exists at the surface and now
CH3 group faces the liquid [cartoon in Fig. 4(c)]. Th
corresponding surface free energy, denotedgls2CH3 , is
small (,few mNym) [15] and weakly increasing with
f: gls2CH3 sfd  g

p
ls2CH3

1 Cf. The entropy gain upon
surface freezing is double that of the monolayer. Thu
Fbi  gys 1 gls2CH3 sfd 1 2DSDT .

Equating now the free energies of two phases yie
expressions for the transition temperatures between th
vs f, in terms of the constants above. A fit of the expre
sions obtained to the measured transition temperatu
and average entropy [DS  1.25 mJysm2 ±Cd] yields the
phase boundaries (lines) in Fig. 4 and the fit parame
values:Rs; g

p
yl 2 gys 2 g

p
ls2CH3

d  3.23 mNym, A 
1.52 mNym, B  0.407, C  0.224 mNym, and
D  8.66 mNym. This R is in good agreement with
the ,3.5 mNym calculated from the measuredg

p
yl 

30.5 mNym [6] and gys2CH3 ø 23 mNym and g
p
ls ø

4 mNym. The last two values, which are not measurab
directly, were derived for surface-frozen monolayers
alkanes [15], closely resembling the present bilayer/liqu
and bilayer/vapor interfaces forf  0. The fit also
yields a large 35% decrease ingls2OH, and only a small
5% increase ingls2CH3 over the range0 , f , 0.25,
are
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both as expected. However, the fit showsgylsfd, the
only directly measurable surface tension, to vary b
,13% for 0 , f , 0.2, in contrast with the measured
2% 3%. We conclude, therefore, that while a ful
quantitative agreement may require a more sophistica
theory, even the simple linear approximation employe
here, which neglects mixing entropies and alcohol/di
repulsion [5], still captures the essentials of the physi
underlying the phase diagram, with a minimal number
fit parameters.

We demonstrated here that the surface-frozen laye
structure in alcohols is tunable at the molecular leve
by a judiciously chosen bulk additive. The uniqu
bilayer/monolayer transition is driven by thef dependent
balance of the surface free energies of the various pha
while the tilt changes result from thef variation of
the subphase/layer interactions. Finally, we note th
the surface freezing effect was thought [3,12,16] to b
related to the existence of bulk rotator phases and, inde
the surface layer’s structure and phase diagram w
found to follow those of the corresponding bulk rotato
phases [3,12,16]. The monolayer phase found here
unique in having no correspondence to any of the bu
phases of alcohols. Implications of this for the possibili
of molecular-level surface structure engineering awa
further exploration.
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